It is generally agreed that the biodurability of man-made vitreous fibers is a major factor for the characterization of potential health effects. As there is currently no standardization of experimental protocols to determine biodurability, the results of the clearance assays have not been used up to now for regulatory purposes. Methods used to analyze biodurability in animal models are short-term inhalational exposure and intratracheal instillation of rat respirable fibers. Both test methods have strengths and limitations for regulatory purposes. We outline recommended procedures for standardized biodurability assays that can be used to compare different fiber types. In animal experiments, biodurability is difficult to separate from biopersistence, as mucociliary and macrophage-mediated clearance occur simultaneously with dissolution and disintegration. For intratracheal instillation, a sized rat respirable sample must be used. Precautions should be taken to prevent aggregation of fibers in the lungs. Although from a scientific point of view questions remain about quantifying the influence of fiber length, diameter, dose, and exposure route, consistent data on the biodurability of vitreous glass fibers are available which may be used for regulatory purposes.
Introduction
It is generally agreed that the biodurability of man-made vitreous fibers (MMVF) is a major factor for the characterization of potential health effects (1) . According to this working hypothesis, faster removal of MMVF from lungs leads to a decreased risk of fiber-induced health effects. As there is currently a lack of standardized experimental protocols to determine biodurability, the results of clearance kinetics have not yet been used for regulatory purposes.
It should be noted that the definition of biodurability differs from that of biopersistence. Biopersistence is defined as the ability ofa fiber to remain in the lung in spite ofthe lung's physiological clearance mechanisms. These defense mechanisms are a) transportation of entire particles by the mucociliary escalator and by alveolar macrophages, b) dissolution of fibers, and c) disintegration.
Biodurabiity indudes only the removal of fibers from lungs by dissolution and disintegration. Biopersistence and biodurability of fibers are often used as synonyms, which leads to misunderstandings. Fibers that persist in the lung for long periods of time have to be durable, but durable fibers can be removed from the lungs by physical transportation, e.g., by ciliary clearance and macrophage-mediated dearance. In animal experiments, biodurability of fibers is difficult to determine, as the physical removal of entire fibers is also involved. For The fate of fibers deposited on surfaces within the respiratory system depends on the site of deposition and the characteristics of the fibers.
Physical transportation refers to the movement of the intact fiber along the epithelial surface from alveoli and terminal bronchioles to the respiratory bronchioles. Alveolar macrophages play a dominant role in this process. The elimination of durable fibers from the lung is dependent on fiber length, fiber diameter, and fiber mass retained in the lungs. Alveolar macrophages can only completely phagocytize fibers up to about 10 pm in length, prior to their removal via the ciliated airways (4, 5) . In addition, fibers may be translocated a) to the ciliated epithelium at the terminal bronchioles, b) into and through the epithelium, or c) along lymphatic drainage pathways.
Dissolution is the process of removal by dissolving a fiber that is dependent on the chemical composition of the fiber (2). For vitreous fibers this is a complex process that includes network dissolution and leaching the various components such as alkali ions (6) .
Disintegration includes processes such as the subdivision of fibers into shorter segments. This may result from local dissolution or by building a leached layer easily removed by a physical process (7) .
Processes important for fiber removal are listed in Figure 1 . For regulatory purposes Bernstein et al. (9) suggested using only clearance data derived from rat short-term inhalation studies of fibers longer than 20 pm. The argument for this suggestion is that macrophage-mediated clearance will not affect these results, as the fibers are too long to be removed by macrophages. This is important to consider in order to measure biodurability (i.e., removal only by dissolution and disintegration) and to avoid the fraction of removal by physical clearance. However, fibers longer than 20 pm show high deposition in the ciliated airways. Lehnert and Oberd6rster (17) noted that the mucous layer in the conducting airways is absent in some areas. This also indicates that the results of biodurability after shortterm inhalation exposure may be compromised by slow physical removal processes.
Intratracheal instillation of rat respirable fibers may lead to a less even distribution in the lungs compared to inhalation. The fraction that is deposited in the pulmonary region is probably higher because the deposition by interception of long fibers is less. In addition, fibers longer than 40 pm can contribute to the formation of aggregates in lungs. The technique of intratracheal instillation should be validated by lung examination using scanning electron microscopy. One technical advantage of the intratracheal instillation method is that the amount of sized fibers to be used is less (by a factor of 50), compared to the short-term inhalation assay. Macrophage-mediated clearance may be significantly reduced at a lung burden of about 1 mg of fibers (11) . However, the instillation of 1 or 2 mg of fibers induces inflammatory reactions in the lung, which may change the flow of fluids responsible for fiber dissolution.
Further key issues that must be addressed for regulatory purposes are * The removal of fibers from the lung depends on fiber diameter. Rat inhalable fibers are thinner compared to human inhalable fibers. In rat studies, different diameters of various fibers were used although they were sized to achieve a similar diameter. Although from a scientific point of view, there are ongoing questions about quantifying the influence of fiber dimensions, dose, and exposure route, consistent data on the biodurability of vitreous glass fibers are available that may be used for regulatory purposes.
In Germany, MMVF currently are regulated partly on the basis of the chemical composition of fibers. This approach is based primarily on correlation between carcinogenicity data after ip injection and chemical composition (18) .
In the European Union, both methods of biodurability studies, short-term inhalation and intratracheal instillation, are currently considered to be used for regulatory purposes.
